Zygote arrest 1 (ZAR1) is an ovary-specific maternal factor that plays essential roles during the oocyte-to-embryo transition. In mice, the Zar1 mRNA is detected as a 1.4-kilobase (kb) transcript that is synthesized exclusively in growing oocytes. To further understand the functions of ZAR1, we have cloned the orthologous Zar1 cDNA and/or genes for mouse, rat, human, frog, zebrafish, and pufferfish. The entire mouse Zar1 gene and a related pseudogene span approximately 4.0 kb, contain four exons, and map to adjacent loci on mouse chromosome 5. The human ZAR1 orthologous gene similarly consists of four exons and resides on human chromosome 4p12, which is syntenic with the mouse Zar1 chromosomal locus. Rat (Rattus norvegicus) and pufferfish (Fugu rubripes) Zar1 genes were recognized by database mining and deduced protein alignment analysis. The rat Zar1 gene also maps to a region that is syntenic with the mouse Zar1 gene locus on rat chromosome 14. Frog (Xenopus laevis) and zebrafish (Danio rerio) Zar1 orthologs were cloned by reverse transcription-polymerase chain reaction and rapid amplification of cDNA ends analysis of ovarian mRNA. Unlike mouse and human, the frog Zar1 is detected in multiple tissues, including lung, muscle, and ovary. The Zar1 mRNA appears in the cytoplasm of oocytes and persists until the tailbud stage during frog embryogenesis. Mouse, rat, human, frog, zebrafish, and pufferfish Zar1 genes encode proteins of 361, 361, 424, 295, 329, and 320 amino acids, respectively, and share 50.8%-88.1% amino acid identity. Regions of the N-termini of these ZAR1 orthologs show high sequence identity among these various proteins. However, the C-terminal 103 amino acids of these proteins, encoded by exons 2-4, contain an atypical eight-cysteine Plant Homeo Domain motif and are highly conserved, sharing 80.6%-98.1% identity among these species. These findings suggest that the carboxyl-termini of these ZAR1 proteins contain an important functional domain that is conserved through vertebrate evolution and that may be necessary for normal female reproduction in the transition from oocyte to embryonic life. developmental biology, early development, embryo, oocyte development, ovary
INTRODUCTION
Little is known about the mechanisms by which the oocyte-to-embryo transition occurs. It is speculated that sev- eral hundred genes participate in this transition, but only a few have been identified so far [1] . During late follicular development, the growing oocyte, arrested at diplotene of the first meiotic prophase, produces a store of transcripts and proteins that help support development of the preimplantation embryos to the eight-cell stage. After ovulation, the oocyte completes meiosis I, giving off its first polar body, and progresses to the metaphase stage of meiosis II, when transcription stops and translation of mRNA is reduced [2] . Fertilization triggers completion of meiosis II and subsequent formation of the one-cell embryo that contains a haploid paternal pronucleus and a haploid maternal pronucleus. All of the genes in the paternal and maternal haploid pronuclei are transcriptionally silent until the late one-cell stage, when early zygotic gene activation begins. Therefore, the first one or two cell-cleavage events and the activation of zygotic gene expression must rely on the reservoir of mRNAs and proteins stored in the egg [3] .
We have previously reported that female mice lacking growth differentiation factor 9 (GDF9), a member of the transforming growth factor ␤ superfamily, are infertile because of a block at the type 3b (primary) follicle stage, accompanied by defects in granulosa cell growth and differentiation, theca cell formation, and oocyte meiotic competence [4] [5] [6] . Taking advantage of the dramatic phenotypic differences between wild-type and Gdf9 knockout ovaries, a mouse ovarian subtractive cDNA library was generated in our laboratory. The Gdf9 knockout ovaries have an increased number of oocytes per unit volume because of the arrest of follicle development at the primary follicle stage [4] . Hence, the library is enriched in oocyte-specific cDNAs and was used to identify novel genes encoding oocyte factors that might play key roles in female fertility. A partial zygote arrest 1 (Zar1) cDNA was originally isolated from this library.
Consistent with the oocyte-specific expression pattern of the Zar1 gene, Zar1-null (Zar1 Ϫ/Ϫ ) female mice are sterile, whereas Zar1-null male mice show normal fertility [7] . No apparent abnormalities were observed during follicle development, ovulation, and fertilization in Zar1 Ϫ/Ϫ mice; however, most embryos from Zar1 Ϫ/Ϫ females failed to progress to the two-cell stage, identifying Zar1 as the first known gene that functions during this important oocyte-toembryo transition. Here, we report the identification and characterization of Zar1 cDNAs and/or genes in multiple vertebrates, including mouse, rat, human, frog, zebrafish, and pufferfish.
MATERIALS AND METHODS

RNA Extraction and Northern Blot Analysis
Total RNA from mouse tissues was obtained by using the RNA STAT-60 method (Leedo Medical Laboratories, Inc., Houston, TX). Xenopus
FIG. 1. Northern blot and RT-PCR analysis of Zar1 in mouse and frog tissues.
A) The ovary 1-180 cDNA fragment was used as the probe. A 1.4-kb transcript was only detected in ovaries, and the expression level of Zar1 was increased in total RNA derived from Gdf9 (Ϫ/Ϫ) ovaries. The control used for RNA loading in mouse tissues was 18S rRNA. B) Frog Zar1-specific primers were used to perform multiple-tissue RT-PCR in the frog. A 681-base pair fragment was detected in lung, muscles, and ovary. C) Frog Zar1 expression during embryogenesis. Ef1a was used as control in frog tissues and embryos. Bl, Blastula; Br, brain; Eg, mature eggs; Ga, gastrula; He, heart; Ki, kidney; Li, liver; Lu, lung; Nu, neurula; Ov, ovary SI, small intestine; Sp, spleen; St, stomach; S22, S25, S29, and S39, stage-22, -25, -29, and -39 embryos, respectively; Te, testes; Ut, uterus; WT, wild type; 1-C, 2-C, 4-C, and 8-C, 1-, 2-, 4-, and 8-cell embryos, respectively. laevis oocyte total RNA was a gift from Dr. Larry Etkin (M.D. Anderson Cancer Center, Houston, TX), and Danio rerio ovaries were generously provided by Dr. Mary Ellen Lane (Rice University, Houston, TX). Agarose gel electrophoresis of RNA, its transfer to nylon membranes, and subsequent hybridization were performed by standard methods [8] .
Frog Embryo Collection and Ovary In Situ Hybridization
Xenopus laevis embryos were obtained using standard methods [9] , staged according to the method of Nieuwkoop and Faber [10] , and dejellied with 2.5% cysteine in 1ϫ Marc Modified Ringer Solution (MMR) (pH 7.9). The RNA was prepared using Trizol (Invitrogen, Carlsbad, CA).
Frog ovaries were isolated from adult females and fixed in Bouin solution (Sigma, St. Louis, MO). In situ hybridization was performed with the frog Zar1 specific probe. Both [␣-35 S]UTP-labeled antisense and sense probes were generated by the Riboprobe T7/T3 combination system (Promega, Madison, WI). Hybridization was carried out as described previously [6] .
Mouse Ovarian cDNA Library and Mouse and Human Genomic Library Screening
We plated 1.1 ϫ 10 6 recombinant plaques onto an NZCYM bacterial lawn (Sigma, St. Louis, MO). Plaques were lifted onto duplicate Hybond-N nylon membrane filters (Amersham, Piscataway, NJ). The partial Zar1 cDNA fragment was used to screen a wild-type mouse ovarian cDNA library, and the full-length Zar1 cDNA was used to screen a 129S6/SvEv mouse genomic library (Stratagene, La Jolla, CA) and a human female genomic library (Stratagene). Both probes were radiolabeled with [␣-32 P]dCTP. Filters were prehybridized and hybridized as previously described [11] .
Chromosomal Mapping
The whole genome-radiation hybrid panel T31 [12] was obtained from Research Genetics (Huntsville, AL) and used according to the manufacturer's instructions. The panel was constructed by fusing irradiated mouse embryo primary cells (129 aa) with hamster cells. The Zar1 gene-specific primers were 5Ј-CTAGAAAAGGGGACTGTAGTCACT-3Ј (forward; intron 3) and 5Ј-TGCATCTCCCACACAAGTCTTGCC-3Ј (reverse; exon 4); pseudo-Zar1 gene-specific primers were 5Ј-CTAGAAAAGGGGAC-TATAGGCACC-3Ј (forward) and 5Ј-TGCATCTCTCACACAAGTCTT-GCT-3Ј (reverse). Specificity of the two sets of primers was tested with A23 hamster DNA and 129 mouse DNA. Polymerase chain reaction (PCR) was performed in a 15-l final volume containing 1 l of each panel DNA, 1.25 U of Taq platinum DNA polymerase (Gibco, Rockville, MD), companion reagents (0.25 mM dNTPs, 1.5 mM MgCl 2 , and 1ϫ PCR buffer), and 0.4 M of each primer. An initial denaturation step of 4 min at 94ЊC was followed by amplification for 30 cycles of 40 sec at 94ЊC, 30 sec at 60ЊC, and 30 sec at 72ЊC and then a final elongation of 7 min at 72ЊC.
Expressed Sequence Tag (EST) and Genomic Database Search for Mouse ZAR1 Orthologs
The full-length mouse Zar1 cDNA was used to search the entire GenBank database, including the National Center for Biotechnology Information (NCBI) nonredundant, EST database, human genomic database, and rat genomic database. The sequence of the bacterial artificial chromosome clones and genomic fragments that contain regions homologous to the mouse Zar1 were downloaded and further analyzed by comparing the alignment with each exon of the mouse Zar1 gene and searching open reading frames (ORFs) to locate intron-exon boundaries. The ORFs of deduced cDNAs were determined using the EditSeq program of the DNASTAR software package (DNASTAR, Inc., Madison, WI). Mouse ZAR1 protein was used to search the translated EST database (TBLASTN) at NCBI. The ESTs containing regions that encode homologous proteins to mouse ZAR1 were downloaded and used to design specific primers to amplify full-length frog and zebrafish Zar1 cDNA. Mouse Zar1 cDNA was also used to search the pufferfish genome database (http:// www.jgi.doe.gov/fugu), and the strategies mentioned above were used to locate exon-intron boundaries.
5Ј-and 3Ј-Rapid Amplification of cDNA Ends and Reverse Transcription-PCR
Using the SMART RACE cDNA Amplification Kit (BD Biosciences, Palo Alto, CA), 5Ј-and 3Ј-end cDNAs were amplified from frog and zebrafish total ovarian RNAs, respectively. Primers used to amplify frog Zar1 cDNA were 5Ј-GGCTCAGCTGAAGGCCATCTTGTCT-3Ј (forward) and 5Ј-GCCTCCCTCCTTCAGAGCCTTCACT-3Ј (reverse). Primers used for zebrafish Zar1 cDNA amplification were 5Ј-TCCCGCGCACCCAGGCCG-TTTAC-3Ј (forward) and 5Ј-AAGCTTTCTGTCTCCAGCCCTTG-3Ј (reverse). Both 5Ј-and 3Ј-rapid amplification of cDNA ends (RACE) were performed according to the manufacturer's instructions.
Frog Zar1-specific primers used for multiple-tissue reverse transcription (RT)-PCR were 5Ј-TTACTCAGAAGGAGACCTGGGGC-3Ј (forward) and 5Ј-CATAAATGAAGCCCTTTCCTGGC-3Ј (reverse). The Ef1a-specific primers were 5Ј-TGCCAATTGTTGACATGATCCC-3Ј (forward) and 5Ј-TACTATTAAACTCTGATGGCC-3Ј (reverse).
Protein Domain Structure and Alignment Analysis
The protein homology motif searching tool Pfam (http://www.Sanger. ac.uk/Software/Pfam/search.html) was used to analyze ZAR1 protein sequences. The search results included the names of the conserved domains and the alignments display. Alignment of all ZAR1 proteins of different species was performed using the Megalign program of the DNASTAR software package. The sequence similarity and phylogenetic tree were derived from the alignment analysis using the same program.
RESULTS
Partial cDNAs from the mouse ovarian cDNA subtractive hybridization library were subcloned and sequenced, and all sequences were grouped into contigs and analyzed by Basic Local Alignment Search Tool (BLAST) search. Fragments not matching any known genes or ESTs in the public database were analyzed by multitissue Northern blot analysis, and ovary-specific genes were further analyzed. In this way, a partial cDNA called ovary 1-180 (herein called Zar1) was isolated from the mouse ovarian cDNA subtractive hybridization library. Northern blot analysis with the Zar1 cDNA identified a transcript of approximately 1.4 kilobases (kb) only in the ovaries, and the expression level was higher in total RNA isolated from Gdf9 knockout ovaries, which have an increased number of oocytes per unit volume (Fig. 1A) . In situ hybridization and immunohistochemistry demonstrated high levels of expression of the Zar1 transcript localized to the oocytes within these ovaries. The expression of Zar1 within oocytes was evident at the one-layer (primary) follicle stage through the antral follicle stage, but no expression was observed at the primordial follicle stage [7] .
A ZAP-express mouse ovarian cDNA library (Stratagene, La Jolla, CA) was screened to isolate the full-length Zar1 cDNA. Excluding the polyA tail, the full-length Zar1 cDNA is approximately 1.3 kb and encodes an ORF from nucleotides 28 to 1110. The polypeptide predicted from the Zar1 cDNA ORF consists of 361 amino acids, with a molecular mass of 40 kDa. Although the ZAR1 protein is not a member of any previously characterized protein families, it does contain an atypical Plant Homeo Domain (PHD) finger in its C-terminus.
To clone the mouse Zar1 gene, a mouse genomic Fix II phage library generated from the mouse 129S6/SvEv strain was screened with the full-length Zar1 cDNA. Twelve independent recombinant clones were isolated, eight of which were identified as unique clones and then further characterized by subcloning, Southern blot analysis, and sequencing. Surprisingly, only one genomic insert DNA contained a portion of the Zar1 gene. This genomic clone contained 650 nucleotides of intron 1 and the rest of the 3Ј-portion of the Zar1 gene. The remaining clones corresponded to a closely related pseudogene (Zar1-ps1), in which the exons share 98% nucleotide identity with the Zar1 cDNA. Taking advantage of the exonic differences between these two genes, a BAC 129X1 mouse genomic library was screened by PCR with two sets of Zar1 genespecific primers, and one BAC clone was isolated. Sequencing of the entire coding region and exon-intron boundaries of the BAC and phage clones showed that both the Zar1 and the Zar1-ps1 genes are composed of four exons and three introns ( Fig. 2A) . As shown in Figure 2B , all of the exon-intron boundaries satisfy the GT-AG intron donor-acceptor splice rule [13] . The Zar1 and Zar1-ps1 genes each span approximately 4.0 kb. The major difference between the genomic sequences of the Zar1 gene and the Zar1-ps1 pseudogene is a 13-nucleotide gap in exon 1 of the pseudogene, which would theoretically result in a protein frame shift and early termination of translation in exon 2 of the pseudogene if it were transcribed. The sequences of exon 2 in both the Zar1 gene and the pseudogene are identical, and single base-pair mutations are found in exons 3 and 4 (Fig. 2B) . Based on the sequence differences, Zar1-and Zar1-ps1-specific primers were designed, and RT-PCR were performed. The cDNAs from 8-wk-old C57BL/6J mouse tissues, including brain, heart, lung, spleen, liver, small intestine, stomach, kidney, uterus, testis, and ovary, were used as templates. Consistent with our Northern blot analysis, the Zar1 cDNA was amplified exclusively in the ovary, whereas the related pseudogene cDNA was never detected in any of these tissues or EST libraries (data not shown). This confirms that the related gene isolated from the mouse genomic Fix II phage library is a pseudogene.
Using Zar1-and Zar1-ps1-specific primers, the T31 Mouse Radiation Hybrid Panel was screened by PCR. The data for each gene were submitted for analysis at the Jackson Laboratory Mouse Radiation Hybrid Mapping Resource. The genes were placed in the same region on mouse chromosome 5. The Zar1 locus is at 40 cM, between two markers D5Buc48 and Txk, whereas the Zar1-ps1 lies at 41 cM, between Tec and D5Mit356, just distal to the coding locus. This is syntenic to a region on human chromosome 4p12 and rat chromosome 14.
To identify the human ZAR1 gene orthologue, the NCBI nonredundant database was searched, and a human genomic library was screened with the full-length mouse Zar1 cDNA sequence. A genomic sequence localized to human chromosome 4p12 was found to be highly homologous to the 3Ј-end of the mouse Zar1 gene. Approximately 1.5 kb upstream of the homologous region, an ORF was identified that shares approximately 50% nucleotide homology with mouse Zar1 exon 1. The identical sequence was also isolated from the human genomic library. The human ZAR1 gene is approximately 4.2 kb ( Fig. 2A) and encodes a protein of 424 amino acids. No pseudogene was identified in humans. The full-length mouse and human ZAR1 proteins share 59% amino acid identity.
The Mus musculus Zar1 cDNA sequence was also utilized in mining the Rattus norvegicus genome (http:// www.ncbi.nih.gov/genome/seq/RnBlast.html) and the Fugu rubripes genome (http://www.jgi.doe.gov/fugu). Genomic sequences that showed high homology to the M. musculus Zar1 gene were downloaded and analyzed by deduced protein alignment. The deduced rat ZAR1 protein sequence (Fig. 3) , which shares the highest homology with mouse ZAR1 (88.1%), is exactly the same predicted protein length as that of mouse (361 amino acids) and maps to a region on rat chromosome 14 that is syntenic with mouse Zar1 gene chromosomal locus. The pufferfish Zar1 gene encodes a shorter protein of 320 amino acids (Fig. 3) .
To identify additional ZAR1 orthologs in other species, the 361 amino acid mouse ZAR1 protein was used to BLAST search the translated EST database at NCBI. Several X. laevis and D. rerio ESTs in the NCBI database, including two ESTs from a normalized X. laevis egg cDNA library (AW640468 and AW635739), two ESTs from a normalized X. laevis early gastrula cDNA library (BJ093826 and BJ094813), and two ESTs from a zebrafish ovarian cDNA library (BM081064 and BM534163), showed regions with homology to the mouse sequence. Based on these EST sequences, frog and zebrafish Zar1-specific primers were designed, and both 5Ј-and 3Ј-RACE were performed using total RNA isolated from frog and zebrafish ovaries. Xenopus laevis and D. rerio Zar1 cDNAs are approximately 1.05 and 1.2 kb (excluding the polyA sequences) and encode proteins of 295 and 329 amino acids, respectively (Fig. 3) . Thus, the frog protein is the shortest (295 amino acids), whereas the human protein is the longest (424 amino acids).
Multiple-tissue RT-PCR with frog Zar1-specific primers showed that Zar1 was highly expressed in the ovary, but low-level expression of Zar1 was also detected in lung and muscle (Fig. 1B) . By RT-PCR, Zar1 expression is detected in the mature egg through the tailbud stage of embryogenesis, although the expression levels decrease dramatically during the neurula stage and eventually disappear altogether in tadpole-stage embryos (Fig. 1C) . In situ hybridization showed that the Zar1 mRNA is localized in the cytoplasm of oocytes, and its expression level is higher in small, growing oocytes (Fig. 4, C and D) .
Comparisons of the ZAR1 proteins among these six species demonstrated that they share 50.8%-88.1% amino acid identity (Figs. 3 and 5A ). As shown in Figure 5 , mouse and rat are the most homologous, whereas mouse and zebrafish are the least. However, as is evident from the amino acid alignment (Fig. 3) , the C-termini of the proteins are highly conserved. Comparisons of the C-terminal 103 amino acids of these proteins (encoded by exons 2-4) reveals 80.6%-98.1% identity between the six ZAR1 proteins (Fig.  5 ). Similar to mouse ZAR1, an atypical PHD motif was also identified in the C-termini of the human, rat, zebrafish, pufferfish, and frog ZAR1 proteins (Fig. 4) .
DISCUSSION
The ZAR1 from all the six species contains a highly conserved, atypical PHD motif. Typical PHD motifs are C3HC4; however, the atypical PHD motif of all six ZAR1 orthologs is a conserved C8 pattern. The length of homology of these C-termini and the spacing of these eight cysteines [C-X 2 -C-X 13 -C-X 2 -C-X 4 -C-X 1 -C-X 17 -C-X 2 -C] are both conserved. The substitution of C for H is also seen in the PHD containing protein ATRX [14] . Site-directed mutagenesis of the H to C in the PHD-containing protein KAP-1 has only a small effect, suggesting that H and C at position 5 are functionally similar [15] . Although several evolutionarily conserved domains are found in the N-terminal region of ZAR1, it is interesting that the C-terminal domain is almost exclusively encoded by exons 2-4. Thus, whereas major regions of exon 1 have been extended or deleted in these six vertebrate species, exons 2-4 have remained intact, with no deletions. The exon 1 sequence is also highly GC rich (70.7%, 77.6%, 70.9%, 52.6%, 53.9%, and 61.7% in mouse, human, rat, frog, zebrafish, and puf-ferfish, respectively). Therefore, there appears to be selective pressure to keep the C-terminus of these proteins intact.
The PHD motif has been found in more than 400 eukaryotic proteins, but its functions remain largely unknown. However, accumulating data show that the PHD motif is involved in protein-protein interactions related to a possible role in chromatin-mediated transcriptional regulation [16, 17] . Most PHD-containing proteins function as transcriptional activators, repressors, or cofactors. Although to our knowledge no report concerning its direct role in transcriptional processes has appeared, it has been shown that the extended PHD finger of AF10 is necessary for homo-oligomerization, which is required for the ability of the AT hook motif in AF10 to bind DNA [18] . Naturally occurring single-amino acid substitutions in the PHD motif of the ATRX and AIRE1 proteins predispose individuals to ␣-thalassemia, developmental defects, and autoimmune disease [14, 19] . Moreover, the PHD motif in a few proteins, such as nucleolar chromatin remodeling complex (NoRC) and DNA-cytosine 5-methyltransferase 3-like protein (DNMT3L), is associated with histone deacetylase and plays a remarkable role in transcriptional silencing [20, 21] .
The timing of the oocyte-to-embryo transition varies from species to species [22] . The completion of meiosis, the initiation of first mitoses, and the activation of embryonic gene transcription all rely on the maternal factors synthesized in growing oocytes. In mouse, ZAR1 protein disappears after the 2-cell embryo stage, shortly after the early zygotic gene activation, which begins at the late-zygote stage. In frog, the activation of the majority of the embryonic genome occurs at the midblastula transition [23] . Our results show that Zar1 mRNA in frog decreases gradually after the midblastula transition and eventually disappears in the tadpole-stage embryos. Thus, the presence of Zar1 mRNA in older embryos is caused by maintenance of the oocyte-expressed Zar1 mRNA and not by activation of the Zar1 gene in embryos. This finding suggests that ZAR1 also functions as a maternal factor during frog embryogenesis. The mechanisms by which ZAR1 protein affects the oocyte-to-embryo transition in vertebrates are still under investigation. However, its conserved expression pattern and synthesis in oocytes, as well as its gene and protein structure, suggest that ZAR1 is an essential maternal factor during vertebrate evolution. The highly conserved, atypical PHD motif in these divergent vertebrate species suggests that this region is involved in transcriptional regulation during this critical transition. Further studies regarding the functional roles of the interactions of ZAR1 in vivo are ongoing and will allow us to determine whether ZAR1 has similar functions throughout the vertebrate animal kingdom.
